Currently, the mechanism(s) responsible for the regulation of urea transporter B (UT-B) expression levels in the epithelium of the rumen remain unclear. We hypothesized that rumen fermentation products affect ruminal UT-B expression. Therefore, the effects of short-chain fatty acids (SCFA), pH, ammonia, and urea on mRNA and protein levels of UT-B were assayed in primary rumen epithelial cell cultures and in rumen epithelium obtained from intact goats. In vitro, SCFA and acidic pH were found to synergetically stimulate both mRNA and protein expression of UT-B, whereas NH 4Cl decreased mRNA and protein levels of UT-B at pH 6.8. Treatment with urea increased both levels at pH 7.4. When goats received a diet rich in nitrogen (N) and nonfiber carbohydrates (NFC), their rumen epithelium had higher levels of UT-B, and the rumen contained higher concentrations of SCFA and NH 3-N with a lower pH. An increase in plasma urea-N concentration was also observed compared with the plasma of the goats that received a diet low in N and NFC. In a second feeding trial, goats that received a NFC-rich, but isonitrogenous, diet had higher mRNA and protein levels of UT-B, and higher levels of G proteincoupled receptor (GPR) 41 and GPR4, in their rumen epithelium. The ruminal concentrations of SCFA and NH 3-N also increased, while a lower pH was detected. In contrast, the serum urea-N concentrations remained unchanged. These data indicate that ruminal SCFA and pH are key factors, via GPR4 and GPR41, in the dietary regulation of UT-B expression, and they have priority over changes in plasma urea.
RECYCLING OF UREA TO THE MAMMALIAN gut accounts for 20 -30% of liver-synthesized urea that is present in humans (17) . In contrast, these levels vary from 10 to 90% in ruminants (21) with feeding strategy (21) and intake of fermentable carbohydrates (22) . These characteristics make the ruminant forestomach, especially the rumen, an excellent model for studies of urea entry and regulation in the gut. Urea transport across the rumen epithelium is generally accepted to occur down a concentration gradient from blood to lumen by diffusion through transport proteins, such as urea transporter B (UT-B), or possibly aquaporins. In our laboratory's recent studies, rumen fermentation products, including short-chain fatty acids (SCFA) and ammonia, as well as pH, were found to rapidly modulate UT-B activity (1, 34) . It is possible that multiple mechanisms mediate regulation of urea transport, although these mechanisms are not fully characterized. UT-B has been found in many tissues and species, including human and rodent colon tissues, in erythrocytes and kidney tissue, as well as in ovine and bovine rumen (52) . In bovine tissues, the UT-B protein exists as a multimer (30) . Previous studies (21, 39, 41) have shown that changes in dietary nitrogen (N) content causes significant changes in serum urea-N (BUN) concentrations and the entry of urea into the gut. However, a correlation between N supplementation and UT-B expression in the rumen epithelium of sheep (39) , goats (41) , and cows (46) under isoenergic feeding conditions has not been observed. Instead, an increase in UT-B expression has been found in the rumen epithelium of concentrate-fed steers, which was associated with higher concentrations of SCFA and a lower pH in the rumen (49) . The same trend has also been observed in lambs and heifers that received a diet rich in easily fermentable substrata (35, 40) , and in calves received low-protein solid feed (7) . These findings suggest that microbial metabolites play a role in regulating UT-B.
The rumen epithelium is constantly exposed to fluctuating concentrations of luminal SCFA and ammonia, and these changes are associated with changes in acidity. Accumulating evidence indicates that SCFA in the gut affect mucosal homeostasis (42, 44) , epithelial absorption (38) , immune responses, gene expression (36, 44) , and the activation of G proteincoupled receptors (GPRs) (64) . SCFA and acidic pH also affect the growth and function of rumen epithelial cells (38, 44, 51, 62) . Recently, mRNA of the SCFA receptors, GPR41 and GPR43, has been detected in the rumen epithelium (59) . Moreover, the existence of acid-sensitive receptors in the rumen wall has long been hypothesized (14) . Taken together, these results indicate that microbial fermentation products may affect the expression of UT-B and other functional proteins, and this is consistent with our recent finding (62) that SCFA and acidic pH regulate the expression of the Na/H exchangers, NHE1 and NHE3, in primary rumen epithelial cell cultures. However, whether and how SCFA and pH affect ruminal UT-B expression remains to be determined.
To investigate whether rumen fermentation products are key factors in regulating ruminal UT-B expression, mRNA expression and protein abundance of UT-B in primary rumen epithelial cell cultures were assayed in the presence and absence of SCFA, ammonia, and urea with neutral or acidic pH. In vivo studies were performed using goats fed with various percentages of nonfiber carbohydrate (NFC) and either different (experiment 1) or equal (experiment 2) levels of dietary N. In these studies, the effects of rumen-generated SCFA and acidic pH on mRNA expression and protein abundance of UT-B were detected. Lastly, expression of GPR41 and GPR4 in the rumen epithelium was assayed, and their correlation with SCFA, pH, and UT-B levels was examined.
METHODS
The experiments performed were approved by the Animal Care and Use Committee of Nanjing Agricultural University under the Act "The State Science and Technology Commission of P. R. China, 1988 ."
Animal Experiments Experiment 1. Using the experimental protocol described by Yang et al. (62) , 3-mo-old Boer ϫ Yangtze River Delta White goats weighing 14.1 Ϯ 1.2 kg were randomly allocated into two groups and received either a diet of peanut straw ad libitum [low level (LL), n ϭ 8] or peanut straw ad libitum plus 400 g/day concentrate [high level (HL), n ϭ 8] for 42 days (Table 1) . Water was freely available to all of the goats during the experimental period. On day 43, the goats were killed at a local slaughterhouse.
Experiment 2. Four-month-old Boer ϫ Yangtze River Delta White goats weighing 16.8 Ϯ 1.2 kg were randomly allocated into two groups and received either a diet of 65% dried hay plus 35% concentrate [high NFC (HNFC), n ϭ 5] or a diet of 90% dried hay plus 10% concentrate [low NFC (LNFC), n ϭ 5]. The goats in both groups were fed in two equal portions of the designed diet at 0800 and 1700 daily for 21 days (Table 2) . Water was freely available to all of the goats during the experimental period. On day 22, the goats were killed at a local slaughterhouse.
In both experiments, dietary intake was recorded daily throughout the experimental period, and the diet supplements were adjusted to ensure the appropriate ratio of hay to concentrate. Intake of metabolizable energy and N were calculated at the commencement of the animal experiments (Tables 1 and 2 ). Samples of each feed were collected in the first week and the last week of the experimental period, and these were submitted for chemical analysis of their composition (Tables 1 and 2) .
Sample collection. Immediately after death, rumen fluid was collected from each goat, and each sample was strained through three layers of cheese cloth, transferred into plastic bottles containing mercuric chloride, and stored at Ϫ20°C until analyzed. Rumen tissue from the ventral blind sac (2 cm ϫ 2 cm) was excised and rinsed and then was transferred into liquid N 2 within 5 min. Rat tissue was collected from healthy Sprague-Dawley rats weighting 150 -180 g (Laboratory Animal, Nanjing, China) and was transferred into liquid N 2 within 5 min. These samples were stored at Ϫ80°C until mRNA expression and protein abundance of UT-B were analyzed, as described in a later section. Blood samples (10 ml) were collected on the last day of the experiment 1 h before morning feeding by jugular venipuncture. The samples were immediately placed on ice and then were centrifuged at 1,500 g at 4°C for 15 min to obtain serum. These serum samples were stored at Ϫ20°C until analyzed for urea-N concentrations.
Cell Culture
Rumen epithelial cells were collected from adult goats (Boer ϫ Yangtze River Delta White, n ϭ 4) that were fed grass hay. Immediately after death, the epithelium from the ventral blind sac of each goat was quickly excised, and these tissues were placed in ice-cold phosphate-buffered saline (pH 7.4). The tissues were repeatedly rinsed until the phosphate-buffered saline remained clear. The muscle layers were then removed, and the epithelium was repeatedly digested with 0.25% trypsin in D-Hanks' buffered salt solution with antibiotics until individual epithelial cells appeared in the digestion solution. Cells were washed with culture medium, and antibiotics and their viability was confirmed with Trypan blue staining. Cell density was adjusted to 1 ϫ 10 6 cells/ml in modified high-glucose (4,500 mg/l) Dulbecco's modified Eagle's medium (GIBCO BRL) with 10% fetal bovine serum (Zhejiang Tianhang Biological Technology, Hangzhou, Values are means Ϯ SE; n ϭ 8 for low level (LL) and n ϭ 8 for high level (HL). DMI, dry matter intake; NDF, neutral detergent fiber; ADF, acid detergent fiber; NFC, nonfiber carbohydrates; ME, metabolizable energy; N, nitrogen; DM, dry matter. *NFC ϭ 100 Ϫ (NDF ϩ crude protein ϩ crude fat ϩ ash). The concentrate was composed of ground corn, soybean meal, cottonseed bran, wheat bran, calcium phosphate, limestone, trace mineral salt, and vitamin premix (vitamin A, vitamin D, and vitamin E). Values are means Ϯ SE; n ϭ 6 for high NFC (HNFC) and n ϭ 6 for low NFC (LNFC). *NFC ϭ 100 Ϫ (NDF ϩ crude protein ϩ crude fat ϩ ash). The additive was composed of calcium phosphate, limestone, trace mineral salt, and vitamin premix (vitamins A, D, and E). China), 2 mM L-glutamine (Sunshine Chemical, Nanjing, China), 100 U/ml penicillin, and 100 mg/ml streptomycin. The cells were then seeded into 100-cm 2 plastic tissue culture flasks (Corning) and incubated at 37°C in an incubator (5% CO2) for 24 h. Thereafter, the cells were treated with medium having a pH of 7.4, 6.8, or 6.4; with 20 mM or 40 mM SCFA added to medium with a pH of 7.4 or 6.8; with 1.25 mM NH 4Cl added to medium with a pH of 7.4 or 6.8; or with 4 mM urea added to medium with a pH of 7.4. After an incubation period of 24 h, the cells were harvested by scraping and then were transferred to Ϫ80°C for storage until they were analyzed for mRNA and protein levels of UT-B. The 20 mM SCFA treatment included sodium acetate, sodium propionate, and sodium butyrate at concentrations of 12, 5, and 3 mM, respectively, while the 40 mM SCFA treatment concentrations were 24, 10, and 6 mM, respectively (Merck, Darmstadt, Germany). The data for the cell culture experiments are representative of the independent experiments performed for the cultured rumen epithelial cells that were collected from each of the four goats. In this paper, the term, "ammonia", is used without discrimination between NH 3 and NH4
ϩ ; whenever such discrimination is relevant, a specification by chemical symbols is provided.
Laboratory Analysis
Ruminal pH, SCFA, urea-N, NH3-N, and BUN determination. The pH of each of the rumen fluid samples was measured with a pH meter (Mettler Toledo Delta 320; Mettler-Toledo Group, Halstead, UK). SCFA concentrations were measured using an GC HP6890N (Agilent Technologies) equipped with a flame ionization detector and a 30 m ϫ 0.32 mm internal diameter ϫ 0.25 m film thickness HP-FFAP capillary column (Hewlett-Packard, Palo Alto, CA). The carrier gas was N 2 (99.99% purity), and it had a constant flow rate of 2.8 ml/min and a split ratio of 1:30. The temperature of the capillary column was set to 140°C for 4 min and then was raised by 25°C/min to 240°C. The temperatures of the injection port and the flame ionization detector were 180 and 250°C, respectively. Crotonic acid was used as an internal standard. In this paper, the term "short-chain fatty acid concentration" refers to the sum of acetate, propionate, and butyrate concentrations. The diacetylmonoxime method was used to determine BUN, and the biochemical reagents and rumen samples were prepared as previously described (61) . A UV-2100 spectrophotometer (Unico Instruments, Shanghai, China) was used at a wavelength of 540 nm to determine urea-N concentrations. A phenol-hypochlorite assay was used to measure NH 3-N concentrations, and the biochemical reagents, rumen samples, and NH4Cl standards were prepared as described by Broderick and Kang (9) . The absorbance values for the rumen samples and standards were determined at 630 nm with the UV-2100 spectrophotometer.
RNA isolation and quantitative real-time PCR. Total RNA was isolated from cultured cells or ruminal tissue collected from the ventral blind sac of the goats described in the Animal Experiments section (for sampling and storage, see previous section) using acid guanidiniumthiocyanate-phenol-chloroform (12) . RNA concentration and purity were assessed as described by Yang et al. (63) . Using Moloney murine leukemia virus-reverse transcriptase, cDNA was synthesized according to the manufacturer's instructions (Fermentas, Burlington, Ontario, Canada). Relative mRNA expression was analyzed by quantitative real-time PCR (qPCR) using the MyiQ2 twocolor real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA). Real-time PCR was performed in a total volume of 20 l containing 1 ϫ iQ SYBR Green Supermix (Bio-Rad Laboratories), a mixture of forward and reverse primers (500 nM each), 1 ng cDNA template, and sterile water. An initial cycle at 95°C for 30 s was used to denature the cDNA, then 45 cycles consisting of a denaturation step at 95°C for 5 s, and primer annealing and extension at 54°C for 30 s for UT-B, or 60°C for 30 s for GPR41 and GPR4, were performed. The amplification efficiencies of all of the primers (Table 3) were calculated using a standard dilution series before they were used for qPCR. For each qPCR sample, a melting curve analysis was performed. Gene expression was normalized to 18S rRNA (⌬Ct ϭ Ct target Ϫ Ct18S rRNA). The relative expression values, compared with the control group, were calculated using the 2
Ϫ⌬⌬Ct method (33). All samples were analyzed in triplicate. The GPR4 PCR product was sequenced by Shanghai Invitrogen Biological (Shanghai, China). The sequencing result was as follows: TATAAACACTCACCTT-GGTCAATCGTGTCTTACCCCAGTATGGCTCTCCATTATGC-TCCGGTTGGGTCTATAAAACCTCCTGGACAAAGCTCGTTGTT-AATCCTGC. This sequence was compared with a goat gene sequence (Gene Bank access number: XM_005692643.1) available from gene bank of The National Center for Biotechnology Information (National Center for Biotechnology Information, USA) using the Blast program.
Western blot analysis. Proteins were extracted from rumen epithelial tissue samples (ϳ100 mg) by homogenization with an F6/10 Superfine Homogenizer (FLUKO Equipment Shanghai, Shanghai, China). Proteins were extracted from cultured rumen epithelial cells using RIPA lysis buffer (PR11101, Yuan Ping Hao Bio, Beijing, China), according to the manufacturer's recommendations. Protein concentrations were determined by the bicinchoninic acid method (PT0102, Beyotime Institute of Biotechnology, Shanghai, China) using bovine serum albumin as a standard. The protein samples were solubilized in 5ϫ sodium dodecyl sulfate (SDS) sample buffer (250 mM Tris·HCl, 10% SDS, 50% glycerol, 0.5% bromophenol blue, and 5% ␤-mercaptoethanol) (Biouniquer Technology Co, Nanjing, China) and boiled for 5 min before being analyzed by SDS-PAGE in 10% separating gels. Proteins were then transferred to 0.45 m polyvinylidene fluoride membranes (Millipore, Bedford, MA) by wet electrophoretic transfer (Bio-Rad Laboratories) and blocked with 5% milk powder in Tris-buffered saline with 0.1% Tween 20 for 2 h at room temperature. Membranes were probed with primary antibodies overnight at 4°C, were washed five times with Tris-buffered saline containing 0.1% Tween 20, and then were incubated for 1 h at room temperature with appropriate horseradish peroxidase-labeled secondary antibodies (Bioworld Technology, cat. no.: BS13278). After the membranes were washed five times, bands were detected with enhanced chemiluminescence reagents (Biouniquer Technology, Nanjing, China). All samples were analyzed in duplicate.
UT-B in rumen epithelium. The commercial UT-B antibody used in the present study was generated using epitope mapping at the C-terminus of human SLC14A1 (Gene ID: 6563; Uniprot ID: Q13336). We did not further test the difference in detection by this antibody for UT-B1 and UT-B2 present in rumen epithelium tissues. Thus the term, "UT-B", in the present study refers to the signal detected by this commercially available UT-B antibody.
ANTIBODY COMPETITION STUDY. The primary UT-B antibody was preincubated with the blocking peptide (0.1 mg/ml) at room temperature for 30 min, then the preadsorbed and non-preadsorbed antibodies were used to probe Western blots, as described in the previous paragraph, to evaluate specificity (54) .
DEGLYCOSYLATION STUDY. Rumen epithelial proteins in a solution containing 0.5% SDS, 1% Nonidet P-40, 1% ␤-mercaptoethanol, and 50 mM sodium phosphate were heated at 100°C for 10 min (57). After cooling down, prepared peptide-N-glycosidase F (PNGase F) enzyme (15 l of 500 U/ml; Sigma) was added to the solutions (pH 7.5), and the solutions were incubated at 37°C for 1 h. Control samples were run in parallel with enzyme-free buffer and under identical conditions (57) .
GPR41 and GPR4. The specificity of a commercially available GPR41 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was previously verified by Tazoe et al. (53) and Li et al. (31) . In both previous studies, this commercial antibody was used to verify expression of the GPR41 protein (54 kDa) in the ileum, colon, spleen, and adipose tissue of pig, and also in human colon. In our preliminary experiments, the same size bands were also detected, by this commercial antibody, in goat rumen epithelium and rat colon. Furthermore, Tazoe et al. (53) demonstrated that this detected GPR41 protein was glycosylated. In our preliminary experiments for GPR4 protein, a commercially positive control lysate of human HEK-293T cell line (OriGene) was used, since HEK-293T cells are known to overexpress the GPR4 protein. A commercially available GPR4 antibody detected a band in positive control lysate, in rumen epithelium of goat and inner medulla of rat kidney, but not in an empty vector. The size of this band is similar to the band of GPR4 protein previously identified in human endothelial cells (45) and similar to the band of GPR4 predicted by the manufactory (OriGene). This preliminary experiment demonstrated Western blot protocol was efficient and correct, and that the GPR4 antibody recognized the target protein of GPR4.
Antibodies. Affinity-purified rabbit polyclonal antibodies for UT-B (sc-85203), a blocking peptide (sc-85203 P), and a GPR41 antibody (sc-98332) were purchased from Santa Cruz Biotechnology. A GPR4 antibody (GTX116039) generated using epitope mapping within amino acids 159 and 254 of human GPR4 (Uniprot ID: P46093) were purchased from GeneTex, North America (Irvine, CA).
Statistical analyses. Data are expressed as the mean Ϯ SE. Differences with a P value Ͻ 0.05 were considered significant. Data involving more than two groups were assessed by one-way ANOVA and Student-Newman-Keuls post hoc analysis after testing for homogeneity of variance. An independent t-test (two-tailed test) was used to compare data between the two groups. The General Linear Model with relevant interactions was used to determine the significance of the effects of SCFA and pH in vitro. Correlations between GPR41 and SCFA concentrations, between GPR4 and pH, as well as between GPR41 and GPR4 and UT-B protein abundance, were calculated as Pearson correlation coefficients using data from experiment 2. All statistical analyses were performed using SPSS software (version 13.0.1 for Windows; SPSS, Chicago, IL).
RESULTS

Effects of Acidic pH and SCFA on mRNA Expression and Protein Abundance of UT-B in Primary Cultures of Rumen Epithelial Cells
mRNA expression and protein abundance were significantly affected by acidic pH (P Ͻ 0.01) (Fig. 1) . At pH 6.8, UT-B mRNA expression increased significantly by ϳ50% compared with the expression of UT-B mRNA detected at pH 7.4 (P Ͻ 0.05). However, there were no significant differences in the UT-B mRNA levels detected between pH 7.4 and pH 6.4 (P Ͼ 0.05). A similar expression profile for UT-B protein abundance was observed at pH 7.4, pH 6.8, and pH 6.4 (P Ͻ 0.05, Fig. 2) . Next, cells were also treated with pH 7.4 and pH 6.8 in culture medium with 40 and 20 mM SCFA (Figs. 1 and 2) . When the cells were treated with 40 mM SCFA in pH 6.8 culture medium, approximately a twofold increase in the levels of UT-B mRNA expression (P Ͻ 0.05) and a onefold increase in UT-B protein abundance (P Ͻ 0.05) were observed compared with the cells treated with 40 mM SCFA in pH 7.4 culture medium. In the presence of 20 mM SCFA in pH 6.8 culture medium, mRNA expression and protein abundance of UT-B increased by ϳ50% (P Ͻ 0.05) and 40% (P Ͻ 0.05), respectively, compared with the cells treated with 20 mM SCFA in pH 7.4 culture medium. Under the latter conditions, lower level of UT-B protein was observed; however, this inhibition was diminished when the concentration of SCFA increased from 20 to 40 mM in medium at pH 7.4, and also in medium at pH 6.8 (P Ͻ 0.05 for each). These results demonstrate the positive effect of SCFA on UT-B expression (P Ͻ 0.01). Indeed, inhibition of UT-B mRNA and protein was reversed by treating the cells with both pH 6.8 medium and 40 mM SCFA (P Ͻ 0.05), thereby suggesting a synergetic effect for SCFA and pH on UT-B mRNA expression and protein abundance (P Ͻ 0.01).
Effects of Ammonia and Urea on mRNA Expression and Protein Abundances of UT-B in Primary Cultures of Rumen Epithelial Cells.
At pH 7.4 (Fig. 3A) , the addition of 1.25 mM NH 4 Cl and 20 mM SCFA to the culture medium did not significantly affect UT-B mRNA levels (P Ͼ 0.05). However, at pH 6.8, the addition of NH 4 Cl plus SCFA to the culture medium markedly reduced UT-B mRNA levels (P Ͻ 0.05) compared with treatment with SCFA alone (Fig. 3B) . Similarly, in the presence of 1.25 mM NH 4 Cl in culture medium at pH 6.8, UT-B protein The primer for UT-B was used as described by Kiran and Mutsvangwa (27) . The mRNA expression is expressed as arbitrary units relative to 18S rRNA. Values (means Ϯ SE) differ if they do not share a common letter:
abundance were significantly reduced by ϳ30% (P Ͻ 0.05) compared with the cells treated with pH 7.4 medium alone (Fig. 4) .
In culture medium at pH 7.4 with the presence of 4 mM urea, mRNA expression (P Ͻ 0.05, Fig. 5A ) and protein abundance (P Ͻ 0.05, Fig. 5B ) of UT-B in rumen epithelial cells were significantly enhanced.
Effects of Dietary Intake on Rumen Content, BUN Levels, and mRNA Expression and Protein Abundance of Ut-B in Rumen Epithelium
In experiment 1, goats in the HL group received a diet rich in NFC and N; the ruminal concentrations of total SCFA, propionic acid, and butyric acid significantly increased (P Ͻ 0.05 each) compared with the concentrations measured in the LL group. However, the ruminal pH was markedly reduced (P Ͻ 0.05) in the HL group, compared with pH analyzed in the LL group (Table 4) . The BUN concentrations and ruminal concentrations of NH 3 -N in the HL group were also significantly higher than concentrations detected in the LL group (P Ͻ 0.05 and P Ͻ 0.01, respectively).
mRNA expression and protein abundance of UT-B were significantly higher in the rumen epithelium of the HL group than in the rumen epithelium collected from the LL group (P Ͻ 0.05 each) (Fig. 6) .
In experiment 2, ruminal concentrations of total SCFA, propionic acid, butyric acid, and NH 3 -N were higher in the HNFC group (P Ͻ 0.05 for SCFA; P Ͻ 0.01 for NH 3 -N) (Table 5) those in the LNFC group. However, the BUN concentrations for the two groups did not differ significantly (P Ͼ 0.05).
In agreement with the hypothesis of the present study, mRNA expression (P Ͻ 0.05) and protein abundance (P Ͻ 0.05) of UT-B were found to be higher in the rumen epithelium of the HNFC group than in the rumen epithelium of the LNFC group, despite the concentrations of BUN remaining unchanged (Fig. 7) .
UT-B Expression in Rumen Epithelium
In Western blot analyses, a 50-kDa band was detected in the rumen epithelium, while a 48-kDa band was detected in the rat testis. In both sets of samples, a faint smear band near 98 kDa was also detected (Fig. 8A) . The bands of 50 and 98 kDa in rumen epithelium are similar in size to the UT-B protein bands previously detected in rat and human colon (24) . The detected signals in the rat testis (Fig. 8A ) also agree with previously reported size of UT-B protein in this tissue (54, 57) . In the antibody competition studies performed, the bands in the rumen epithelium and testis were eliminated following preadsorption of the UT-B antibody with a blocking peptide (Fig.  8A ). These results demonstrate the specificity of the UT-B antibody for detecting UT-B in goat. When the rumen epithelial proteins were pretreated with PNGase F, the 50-kDa band was converted to a band near 30 kDa, suggesting that this UT-B protein in the rumen epithelium is glycosylated. However, there was no apparent change in the size of the 98-kDa protein (Fig. 8B) . The effect of PNGase F on the size of the UT-B protein in the rumen epithelium was limited. This is consistent with the observations in human colon (24) .
Expression of GPR4 and GPR41 in the Rumen Epithelium and Their Correlation with SCFA, pH, and UT-B Expression Levels
Using GPR4 primers, qPCR yielded a 106-bp product in the goat rumen epithelial samples analyzed. Sequencing of this product showed that it shared 92% similarity with the published goat GPR4 gene sequence (Capra hircus, GenBank accession no. XM_005692643.1). In our preliminary experiments, a commercially available GPR41 antibody detected a band in rumen epithelium and rat colon samples, and a commercially available GPR4 antibody detected a band in lysate of human HEK-293T cell line, in goat rumen epithelium and rat kidney inner medulla samples.
Levels of GPR4 and GPR41 mRNA were significantly higher in the rumen epithelium of the goats that were fed a HNFC diet compared with those that received a LNFC diet (P Ͻ 0.01) (Fig. 9) . Similarly, abundances of GPR4 and GPR41 protein were significantly higher in the rumen epithelium of the goats that received a HNFC diet compared with those that received a LNFC diet (P Ͻ 0.05 each) (Fig. 10) . These data show that mRNA expression and protein abundance of GPR4 were upregulated synchronously with a HNFC diet. A similar expression profile was observed for GPR41 in the rumen epithelium from goats that received a HNFC diet.
Levels of mRNA (r 2 ϭ 0.42) and protein (r 2 ϭ 0.45) of GPR41 were found to positively correlate with ruminal SCFA concentrations (P Ͻ 0.05 each), while levels of mRNA (r 2 ϭ 0.61) and protein (r 2 ϭ 0.41) of GPR4 were found to negatively correlate with ruminal pH (P Ͻ 0.05 each). However, the mRNA expression of both GPR4 (r 2 ϭ 0.42) and GPR41 (r 2 ϭ 0.56) positively correlated with mRNA expression of UT-B (P Ͻ 0.05 each), and the abundances of both proteins (r 2 ϭ 0.62 and r 2 ϭ 0.56) positively correlated with abundance of UT-B protein (P Ͻ 0.05 each, Table 6 ).
DISCUSSION
We have several novel observations in this study. First, mRNA expression and protein abundance of UT-B in primary cultured rumen epithelial cells increase in response to acidic pH, SCFA, and urea. However, an acidic pH in combination with ammonia has the opposite effect. Second, intact goats receiving a HL diet or a NFC-rich diet exhibit higher mRNA expression and protein abundance of UT-B in the epithelium of the rumen and have higher ruminal concentrations of SCFA and NH 3 -N and a lower ruminal pH. Of note, the concentration of urea-N in the blood increased only with a HL diet, but not with a NFC-rich, isonitrogenous diet. Collectively, these data indicate that concentrations of ruminal SCFA and acidic pH are predominant factors in upregulating the mRNA expression and protein abundance of UT-B and have priory over plasma urea concentration. Third, increased expression of GPR41 and GPR4 mRNA and protein in the rumen epithelium of goats that ingested a NFC-rich diet also established the stimulatory effects of ruminal SCFA and pH on UT-B. Thus the results of the present study reveal that SCFA and pH are key factors in upregulating UT-B in the rumen epithelium of goats. Coordinated increases in the mRNA and protein levels of GPR41, GPR4, and UT-B in the rumen epithelium on exposure to higher lumen concentrations of SCFA and acidic pH also indicate an involvement of the SCFA/GPR41 and pH/GPR4 pathways in dietary modulation of UT-B expression.
Effects of pH and SCFA on UT-B Abundance in Primary Rumen Epithelial Cell Cultures
In primary cultures of rumen epithelial cells, a change in medium pH from 7.4 to 6.8 led to an increase in mRNA expression and protein abundance of UT-B. It is well-established that, in epithelial cells (60) , endothelial cells (11), bone cells (5), and embryo cells (13) , extracellular acidification triggers physiological responses, namely alterations in cell growth (5, 13) and regulation of protein synthesis (11, 37, 60) , under conditions of metabolic acidosis (60) and acute acid loading (11) . In the bovine caecum, luminal acidification stimulates monocarboxylate transporter MCT1, a protein which mediates acetate absorption to the serosal side, when the pH on the mucosal side is lowered from 7.4 to 5.5 (28) . In rats, levels of UT-A protein were higher in the kidney inner medulla when the blood pH became more acidic and when HCl feeding occurred, while levels of BUN remained unchanged (29) . However, the effects of acid on cells are rather complex. For example, a change in extracellular pH from 7.3 to 6.7 induces Values are means Ϯ SE. The intakes of NFC was 165 g/day in the HNFC group (n ϭ 5) and 66 g/day in the LNFC (n ϭ 5) group. The intake of N was about equal in both groups. Analyses were performed in triplicate, except pH analysis, which was in duplicate. P Ͻ 0.05 is considered significant. The NFC intake was 165 g/day in the high NFC (HNFC) group (n ϭ 5) and 66 g/day in the low NFC (LNFC) group (n ϭ 5). The N intake was equal in both groups. A: the primers for UT-B were used as described by Kiran and Mutsvangwa (27) . Expression of mRNA is expressed as arbitrary units relative to 18S rRNA. B: UT-B protein was detected by antibody, and the protein abundances were analyzed by Western blot compared with GAPDH. The quantitative data are shown in bar charts and representative blots. Values are means Ϯ SE. *Significant difference (P Ͻ 0.05) between treatments of HNFC and LNFC.
cell proliferation in Syrian hamster embryonic cells (25) , and a shift in extracellular pH from 7.4 to 6.8 leads to an inhibition of cell apoptosis. In contrast, a pH of 5.5 has been shown to induce synoviocyte apoptosis (23) . In the present study, a moderate reduction in pH from 7.4 to 6.8 led to an increase in UT-B expression although, this stimulating effect disappeared when the medium pH was further reduced to 6.4. These results show that the response of cells to extracellular acidification is dependent on the acidification level.
In addition to pH, SCFA were found to stimulate expression of UT-B mRNA and protein. SCFA have already been shown to regulate the metabolism of proteins, lipids, amino acids, carbohydrates, and DNA, as well as transporter functions and the cell cycle (4, 20) . SCFA also effect the immune system of the gut (58) . Notably, in the rumen, a decrease in pH occurs simultaneously with an increase in the concentration of SCFA (pKa Յ 4.8) (8) . The synergetic effects of SCFA and acidic pH on the mRNA expression and protein abundance of UT-B in the current study, as well as the synergetic effects on NHE1 and NHE3 mRNA observed in a previous study (62) , strongly demonstrate that microenvironmental factors effect functional proteins in the rumen epithelium. Regulation of gene transcription and translation by the synchronous presence of extracellular acidic pH and high concentrations of SCFA may be mediated by the cell membrane SCFA receptor, GPR41 (59) , and the acid sensor, GPR4 (14) . However, co-regulation by GPR4 and GPR41 has not previously been reported.
Effect of Ammonia and Urea on mRNA Expression and Protein Abundance of UT-B in Primary Rumen Epithelial Cell Cultures
Ammonia has an inhibitory effect on the transport of urea in the rumen epithelium (1, 34) , and also on gene expression by bovine endometrial cells (19) . In cultured rumen epithelial cells, ammonia was found to directly inhibit expression of UT-B mRNA and protein at pH 6.8, with or without SCFA administration, but not at pH 7.4. The mechanism responsible for this pH-dependent effect of ammonia cannot be determined from the experiments performed. However, it is very plausible that a large amount of ammonia is absorbed as NH 4 ϩ under low pH conditions (6) , and the NH 4 ϩ dissociates into H ϩ and NH 3 in the cytosol (2) . It is also possible that H ϩ and/or NH 3 exert effects on UT-B expression (3) .
In contrast with ammonia, the administration of urea to the medium (pH 7.4) led to an increase in mRNA expression and protein abundance of UT-B in primary cultured rumen epithe- lial cells. This is consistent with the stimulating effect observed for urea on the expression of the urea transporters, UT-A1 and UT-A2, in the epidermis (18) . To date, regulation of urea transport in the kidney has been mainly attributed to the regulation of UT-A isoforms for which promoters with glucocorticoid response elements, cAMP responsive elements, and a tonicity-responsive enhancer/osmotic response element have been identified (48) . Renal UT-B is sometimes up-regulated with a low protein diet, although it is rarely co-regulated with UT-A (48, 50). As such, the transcriptional up-regulation of UT-B by urea in the present study is a novel finding that requires further study to elucidate the molecular mechanisms involved.
Dietary Regulation of UT-B and GPR Expression in Rumen Epithelium
Previous studies have shown that SCFA promote the expression of glucose transporters via increased expression of the early-response genes, c-myc and c-fos, in the intestine of rats (16) . In our previous study, infusion of butyrate into the rumen has led to enhanced expression of the cell cycle-regulating protein, cyclin D1, and monocarboxylate transporter 4, in the rumen epithelium of goats (38) . In cattle with grain-induced subacute ruminal acidosis (51), the expression of rumen epithelial genes, which act in cell proliferation, ketogenesis, and cholesterol homeostasis, have been largely altered, and these changes are related to the enhanced ruminal concentrations of SCFA and reduced pH. In the present study, the goats that consumed an NFC-rich diet exhibited enhanced mRNA expression and protein abundance of ruminal UT-B when the concentration of SCFA increased and the pH decreased in the rumen. Similarly, in cattle that received a concentrate diet, a decrease in rumen pH was accompanied by an increase in rumen epithelial UT-B protein abundances (49) . These data demonstrate the stimulative effects of both SCFA and acidic pH on rumen epithelial UT-B expression in intact ruminant animals. In addition, the direct effects of SCFA and acidic pH on rumen epithelial UT-B expression were confirmed in our present cell culture studies. An additional factor that potentially regulates UT-B is ammonia. The combination of ammonia and an acidic pH had an inhibitive effect on mRNA expression and protein abundance of UT-B in the primary cell cultures studied. Vice versa, an increased expression of urea transporters has been suggested as cause for the activation of urea transport across the rumen epithelium of goats that received a low-protein diet over a long-term of time (41) . The latter may be explained, at least partly, by attenuated ruminal ammonia concentration under such feeding condition. Other dietary factors, such as water derivation (32) and urea feeding (24) , have been found to affect UT-B expression in kidney. Such other dietary factors should be subject of further studies on UT-B expression in the rumen epithelium to understand the outstanding importance of this organ as the first compartment for storage and digestion of swallowed feed stuff in ruminants.
In the rumen, UT-B is regulated synchronously by both positive (acidic pH, SCFA, and urea) and negative stimuli (ammonia). In the present in vivo study, urea and ammonia per se appeared to be of minor influence, and their effects could be overruled by luminal SCFA and acidic pH. For example, increased ruminal SCFA concentrations and reduced pH caused higher UT-B mRNA expression and protein abundance in the NFC-rich group, despite an unchanged BUN. With a broader look, however, increased plasma urea concentrations may concur with increased luminal ammonia concentrations. As such, the stimulatory effects of blood urea are likely counteracted in vivo by the inhibitory action of luminal ammonia. The opposite regulation of UT-B by ammonia and urea may explain why previous studies on the influence of dietary protein balance on UT-B expression have produced conflicting results. This applies not only to the rumen, but also to the large intestine. For example, in a study by Inoue et al. (24) , the urea load (20% in diet) failed to induce UT-B expression in rat colon tissues. These data support the hypothesis that ruminal concentrations of SCFA and pH are dominant factors in the upregulation of UT-B during dietary treatments.
Taken together, both present and previous data show that epithelial gene and protein expression in the gut is predominantly governed by luminal factors that act via the apical cell membrane (47) . The molecular mechanisms by which microbe-derived SCFA regulate host gene expression, in cell cycle and apoptosis, represents an active field of research (15) . Currently, SCFA have been found to bind the G proteincoupled receptors, GPR41 and GPR43 (10, 43) , and to activate their signaling via G protein-mediated MAPK (26) and cAMP pathways (64) . A direct link has also been demonstrated between activation of the free fatty acid receptor 2/GPR43 receptor by SCFA and hormone secretion in enteroendocrine L cells (55) . In mice, SCFA activate GPR41 and GPR43 that are present on intestinal epithelial cells, thereby leading to MAPK signaling and the rapid production of chemokines and cytokines (26) . Using Western blot analysis, expression of GPR41 protein in the rumen epithelium was detected, and an increase in levels of GPR41 was determined in goats receiving an NFC-rich diet. These data indicate that dietary stimulation of UT-B expression may occur via the binding of ruminal SCFA to GPR41 in the rumen epithelium.
GPR4 receptors sense the pH of the extracellular space and stimulate a variety of intracellular signaling pathways via several species of hetero-trimeric G proteins, including G s , G i , G q , and G 12/13 . Receptor and ligand levels are sensitively modulated by a variety of microenvironmental changes as well (13, 56) . Acidity activates GPR4 and evokes expression of a wide range of genes in endothelial cells (11) . The present study reports the detection of GPR4 expression in the rumen epithelium, and an increase in mRNA expression and protein abun- The data were collected from experiment 2 (n ϭ 10) and calculated as Pearson's correlation coefficients. P Ͻ 0.05 is considered significant. dance of GPR4 in goats receiving an NFC-rich diet. The synergetic effects of SCFA and acidic pH on UT-B mRNA and protein expression in cell culture, together with the correlation observed between GPR41 and GPR4 with their ligand concentrations and UT-B expression in vivo, provide new insight into the relevance of microbe-derived SCFA and lumen pH for epithelial cell responses in the gut. These results strongly suggest that diet does influence cellular processes and the handling of endogenous metabolites via these receptors.
Perspectives and Significance
Ruminal UT-B expression has been suggested to be regulated by blood urea concentration (40) . However, the present study has reported that SCFA and acidic pH upregulate mRNA expression and protein abundance of UT-B in rumen epithelial cells, whereas ammonia has the opposite effect. These findings are in good agreement with previous studies of urea transport (1, 34) , and, taken together, these data improve our understanding of how the recycling of urea and UT-B expression are regulated in ruminant animals. Second, the results of the present study suggest that diet modulates ruminal UT-B expression via rumen fermentation products (e.g., SCFA and acidic pH). Correspondingly, our previous reports have shown that diets cause alterations in rumen SCFA and pH, and these changes modulate the function of ruminal proteins during the physiological process of Na/H exchange (62), SCFA absorption (38) , and mucosal defense (44) . Thus luminal SCFA and pH have significant roles in modulating rumen function and animal health, and this demonstrates that diet not only is a source of nutrients, but is also a modulator of physiological functions. Lastly, the findings of the present study demonstrate that increased expression of the chemical sensors, GPR41 and GPR4, coordinates with an increase in UT-B expression in the rumen of goats that receive a NFC-rich diet. Together with concurrently increased ruminal SCFA concentration and lowered pH, this strongly suggests that GPR41 and GPR4 play a key role for the induction of UT-B expression upon changes in dietary composition. These results have the potential to facilitate further studies of novel molecular targets in the rumen epithelium, which affect cell functions.
